The C2 domain is a Ca 2ϩ sensor that drives the first step in the activation of conventional PKC isozymes. Results: Hydrophobic interactions drive membrane association and electrostatic interactions drive membrane retention of the C2 domain.
The first step in the activation of conventional protein kinase C (PKC) isozymes is a Ca 2ϩ -dependent recruitment to the plasma membrane. This step is triggered by the myriad of signals that result in hydrolysis of phosphatidylinositol 4,5-bisphosphate to generate the soluble second messenger inositol trisphosphate, which mobilizes intracellular Ca 2ϩ , and the membrane-embedded lipid second messenger diacylglycerol (1, 2) . Binding to diacylglycerol is the key "on/off" switch for PKC activation; this phosphatidylserine-assisted interaction provides the energy to expel an autoinhibitory pseudosubstrate segment from the substrate-binding cavity (3) . The recognition of this membrane-embedded ligand by a cytosolic enzyme is facilitated for conventional PKC isozymes (␣, the alternatively spliced ␤I and ␤II, and ␥) by Ca 2ϩ -dependent recruitment of PKC to membranes via a Ca 2ϩ sensor, the C2 domain. This Ca 2ϩ -regulated targeting from three-dimensional space to the membrane allows the enzyme's C1 domain to initiate a twodimensional search for its membrane-embedded ligand, diacylglycerol; this pretargeting by the C2 domain effectively increases the local concentration of diacylglycerol by three orders of magnitude, thus allowing highly efficient binding and activation (4) . Novel PKC isozymes (␦, ⑀, , and ) do not have a Ca 2ϩ -regulated C2 domain; their activation by diacylglycerol is possible because of a single residue change in their C1B domain that allows them to bind diacylglycerol-containing membranes with 2 orders of magnitude higher affinity than conventional PKC isozymes (5) . Thus, for conventional PKC isozymes, canonical second messenger-controlled activation depends on coincident detection of Ca 2ϩ and diacylglycerol that occurs by Ca 2ϩ -dependent pretargeting to membranes. Membrane-targeting modules drive the function of diverse signaling molecules. Such modules include C2, C1, FYVE, and pleckstrin homology domains, which play instrumental roles in signaling by reversibly controlling the localization and activation of signaling molecules in response to second messengers (6 -8) . Membrane binding of these modules is controlled by a variety of second messengers, including Ca 2ϩ (C2 domains), diacylglycerol (C1 domains), and specific phosphoinositides (FYVE and pleckstrin homology domains). For signaling enzymes, such as PKC, the coordinated use of two membranetargeting modules allows ultrasensitivity and increased speci-ficity in responding to extracellular signals (9) . Precise tuning of the agonist-dependent affinity of signaling enzymes is essential for cellular homeostasis, and dysregulation of this membrane affinity results in pathophysiologies. A case in point is the oncogenic kinase Akt, where a single point mutation in its membrane-targeting pleckstrin homology domain from an acidic to a basic residue results in constitutive membrane localization of Akt and is associated with human breast, colorectal, and ovarian cancers (10) . Understanding the mechanisms of membrane binding of these modules could provide therapeutic targets for diseases in which mutations in these domains alter their localization and activity to promote or impair signaling.
Membrane binding acutely controls the amplitude of agonist-dependent signaling by conventional PKC isozymes (11) . Live cell imaging studies using genetically encoded reporters to monitor PKC activity have revealed that signals that result in hydrolysis of phosphatidylinositol 4,5-bisphosphate result in two phases of conventional PKC activation: a rapid rise in activity that tracks with the rise in intracellular Ca 2ϩ (t1 ⁄ 2 of seconds) followed by slow decay in activity that tracks with the decay in diacylglycerol (t1 ⁄ 2 on the order of minutes at the plasma membrane and tens of minutes at the Golgi) (12) . Under some conditions, oscillations in Ca 2ϩ result in oscillations in PKC activity (13) , underscoring the role of the C2 domain's membrane attachment in controlling the activity of PKC. Indeed, biophysical studies have previously established that the affinity of PKC for membranes needs to be sufficiently high to provide the energy to release the autoinhibitory pseudosubstrate segment. For conventional PKC isozymes, engagement of both the C1 and C2 domains on membranes is necessary to allow response to physiological agonists (9) . Note that phorbol esters, which bind the C1 domain with 2-order of magnitude higher affinity than diacylglycerol (14) , are able to engage PKC to membranes with sufficiently high affinity to cause maximal activation. Importantly, the affinity of the C1 and C2 domains for membranes acutely controls the output of agonist-evoked PKC signaling.
Biochemical and biophysical studies over the past 2 decades have provided considerable insight into the structure and function of C2 domains (9, (15) (16) (17) . The C2 domain is an ϳ130 residue segment that folds into two four-stranded ␤-sheets using one of two different topologies, depending on the protein (15) . The domain exists as a Ca 2ϩ sensor in proteins such as conventional PKC isozymes and as a Ca 2ϩ -independent module in other proteins, such as the novel PKC isozymes. Ca 2ϩ binding is conferred by the presence of a set of conserved Asp residues in a "mouth" formed by two loops at the tip of the ␤-sandwich (17) (18) (19) (20) . Both kinetic and structural studies have established that the C2 domain of PKC␣ binds two Ca 2ϩ ions (21, 22) . Structure-function studies have established that the integrity of these loops and the presence of the conserved Asp residues are necessary for the binding of both the isolated C2 domain and full-length PKC to membranes in vitro and to plasma membrane in cells (21, (23) (24) (25) (26) (27) (28) (29) . Although Ca 2ϩ binding has been proposed to serve as a simple "electrostatic switch" for C2 domain binding to anionic membranes (30, 31) , neutralization of the acidic binding pocket by mutation of key Asp residues (to mimic neutralization upon Ca 2ϩ binding) does not bypass the requirement for Ca 2ϩ to promote membrane interaction (23) . Thus, Ca 2ϩ serves a specific structural role in allowing the C2 domain to bind anionic membranes. In addition to the Ca 2ϩ -binding site, a lysine-rich cluster within the ␤3-and ␤4-sheets of the C2 domain binds phosphatidylinositol 4,5-bisphosphate (27, (32) (33) (34) (35) (36) . It is this interaction with phosphatidylinositol 4,5-bisphosphate that directs conventional PKC isozymes to the plasma membrane, which is enriched in this lipid (38 -41) .
Here we dissect the role of electrostatic and hydrophobic interactions in the Ca 2ϩ -triggered association of the C2 domain of a conventional PKC with membranes. Stopped-flow fluorescence spectroscopy reveals that hydrophobic interactions dominate in driving the C2 domain to membranes, whereas electrostatic interactions with ionic lipids dominate in retaining the domain on membranes. Altering binding kinetics by perturbation of either binding force through mutation of key charged or hydrophobic residues results in reduced cellular activation, revealing that each force plays a determining role in tuning the biological activity of PKC.
EXPERIMENTAL PROCEDURES
and 1-palmitoyl-2-oleoylphosphatidylcholine (PC) were purchased from Avanti Polar Lipids. N-(5-(dimethylamino)naphthalene-1-sulfonyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (dPE) was purchased from Molecular Probes. PCR primers were prepared by IDT Technologies, Inc. Glutathione-Sepharose 4B was purchased from Amersham Biosciences.
Electrophoresis reagents were from Calbiochem and BioRad. Thrombin was purchased from Calbiochem. The antibody for PKC␣ was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). Phorbol 12,13-dibutyrate (PDBu) and thapsigargin were obtained from Calbiochem. The 1ϫ Hanks' balanced salt solution was purchased from Cellgro. The jetPRIME transfection reagent was from PolyPlus Transfection. All other chemicals were reagent grade.
Cloning, Mutagenesis, and Purification-Rat PKC␣ DNA was a gift from Y. Nishizuka and Y. Ono (Kobe University, Kobe, Japan). The C2 domain (residues 179 -283) was PCRamplified and subcloned into a pGEX-4T3-GST plasmid using EcoRI and XhoI restriction sites. The C2 domain mutations R216A, R249A, R252A, K268A, W245A, W247A, L191A, and W274A were created using site-directed mutagenesis. The C2 domain of rat PKC␣ was expressed as a glutathione S-transferase (GST) fusion protein in BL21-pLysS cells as described previously (29) . The isolated C2 domain was cleaved from the glutathione-Sepharose 4B-bound fusion protein using thrombin. The concentration of the various C2 domains was determined by UV absorbance using their molar extinction coefficient (20) . Human PKC␣, a gift from T. Hunter (Salk Institute), was Gateway (GATEWAY Cloning Technology) cloned into pcDNA3-YFP. The mutations R249A and W247A were created using site-directed mutagenesis. mpCFP (13) and GolgiCFP (11) were previously described.
Preparation of Lipid Vesicles-For stopped-flow fluorescence spectroscopy, phospholipids in chloroform were dried under nitrogen and then vacuum-dried for 2 h. The lipids were resuspended in a buffer of varying NaCl concentration (150 -200 mM) and 20 mM HEPES, pH 7.4. The resuspended lipid was freeze/thawed five times and extruded through two 0.1-m polycarbonate filters to prepare phospholipid vesicles of 100-nm diameter. The phosphorus concentration was assayed as described previously to determine the phospholipid concentration (42) .
Stopped-flow Fluorescence Spectroscopy-An Applied Photophysics pi*-180 stopped-flow fluorescence spectrophotometer was used to determine the kinetics of binding to lipid vesicles, as described previously (4) . For association experiments, purified C2 domain protein (0.2-1.0 M) was rapidly mixed with equal volumes of increasing concentrations of dansyl-labeled anionic phospholipid vesicles (PS/PC/dPE, 35:60:5 mol ratio) at the indicated Ca 2ϩ and NaCl concentrations, and protein-to-membrane fluorescence resonance energy transfer (FRET) was monitored, as described previously (4) . For dissociation experiments, purified C2 domain protein (0.2-1.0 M) was preincubated for 15-30 min with dansyl-labeled phospholipid vesicles (PS/PC/dPE, 35:60:5 mol ratio) and then rapidly mixed with equal volumes of a 10-fold excess of unlabeled anionic phospholipid vesicles (PS/PC, 40:60 mol ratio) at the indicated Ca 2ϩ and NaCl concentrations, as described previously (20) . Traces were fitted to a nonlinear least-squares curve fitting using KaleidaGraph according to the exponential equation,
where F(t) equals the observed fluorescence at time t, F 0 is a fluorescence offset representing the final fluorescence, A obs(i) equals the amplitude, and the k obs(i) is the observed rate constant for ith of n phases. The experiments were performed under pseudo-first-order conditions; the observed rate constants were plotted as a function of lipid vesicle concentration and fitted with the linear manner equation,
where k on represents the apparent second-order association rate constant, and k off represents the apparent dissociation rate constant. The ratio of k off (determined from FRET association experiments) to k on (determined from FRET trapping experiments) provides the calculated apparent vesicle dissociation constant (K d calc ).
Fluorescence Spectroscopy to Measure Steady State Ca 2ϩ
Binding-Intrinsic Trp emission of the C2 domain (0.5 M) was monitored on a Jobin Yvon-SPEX FluoroMax-2 fluorescence spectrophotometer using 280-nm excitation light and by recording emission at 345 nm at 25°C, as described previously (20 Cell Transfection and Imaging-COS-7 cells were maintained in DMEM (Cellgro) with 10% fetal bovine serum and 1% penicillin/streptomycin at 37°C. YFP-PKC␣-WT, -R249A, or -W247A was co-transfected with mpCFP or GolgiCFP into COS-7 cells using the jetPRIME transfection reagent for 24 h. Cells were washed in 1ϫ Hanks' balanced salt solution and imaged in the dark at room temperature. Imaging experiments were performed on the Zeiss Axiovert microscope (Carl Zeiss MicroImaging, Inc.) using a MicroMax digital camera (RoperPrinceton Instruments) controlled by MetaFluor software (Universal Imaging Corp.) All optical filters were from Chroma Technologies. Data were collected as described previously (13) . Cells that were imaged were selected based on equal YFP expression to control for PKC␣ overexpression. Base-line images were acquired for 3 min before the addition of ligand. Thapsigargin was added at the indicated time to yield a final concentration of 5 M, and PDBu was added 10 min later at a final concentration of 200 nM. FRET ratios of cells from at least three imaging dishes were normalized to their individual base lines and then averaged.
RESULTS
Design of PKC␣ C2 Domain Mutants-To study the role of electrostatic and hydrophobic interactions in the kinetics of membrane binding of the C2 domain, we designed eight constructs in which key charged or neutral residues were mutated to Ala (Fig. 1) . Specifically, the basic residues Arg-216, Arg-249, and Arg-252 and the hydrophobic residues Leu-191, Trp-245, and Trp-247 were individually mutated to Ala. Residue Arg-216 is located on Ca 2ϩ -binding loop 2, and residues Arg-249 and Arg-252 reside on Ca 2ϩ -binding loop 3 (22); all three residues have been previously shown to facilitate membrane binding and activation of full-length PKC␣ (24 -26) . In addition, electron paramagnetic resonance studies have shown that Arg-249 and Arg-252 are involved in C2 penetration into the membrane (43) . The hydrophobic residue Leu-191 is located on Ca 2ϩ -binding loop 1, and Trp-245 and Trp-247 are on Ca 2ϩ -binding loop 3. Previous studies have established that both Trp-245 and Trp-247 participate in membrane binding and facilitate activation of PKC␣ (24) . We also mutated two residues distal to the Ca 2ϩ -binding loops that are not predicted to interact with membranes: Lys-268 and Trp-274.
Membrane Binding Kinetics for PKC␣ C2 Domain MutantsTo assess the individual contributions of electrostatic versus hydrophobic interactions in the association and dissociation rate constants of the C2 domain, we used stopped-flow fluores-cence spectroscopy to measure the binding kinetics of C2 domain mutants. Specifically, we measured FRET between dansyl-labeled lipid vesicles and the four intrinsic tryptophans in the C2 domain as a function of time to obtain the association rate constants (k on ). Mutation of any of the three charged residues in the Ca 2ϩ loops to Ala (R216A, R249A, and R252A) had only minimal effects on k on ( Fig. 2A and Table 1 ). In contrast, mutation of the hydrophobic residues in the Ca 2ϩ loops (W245A and W247A) significantly decreased the association rate constants compared with the wild-type domain ( Fig. 2A and Table 1 ). Mutations of the two residues distal to the Ca 2ϩ loops (K268A and W274A) resulted in modest increases in k on . Note that although mutation of individual Trp residues reduced the amplitude of the maximal FRET change (e.g. ϳ2-fold for the W247A mutant), this did not affect the kinetic analysis, and data were highly reproducible (S.E. Ͻ2%). The much stronger effect of removing hydrophobic residues compared with basic residues on reducing the association rate constant reveals that hydrophobic, rather than electrostatic, interactions of residues within the Ca 2ϩ -binding loops are a major driving force in the recruitment of the C2 domain to membranes.
To measure the dissociation rate constants of the various mutants from membranes, we equilibrated the C2 domain with dansyl-labeled lipid vesicles and then used FRET to monitor the dissociation from the labeled vesicles upon the addition of a 10-fold excess of unlabeled vesicles. Mutation of any of the three charged residues in the Ca 2ϩ loops to Ala dramatically increased the k off values compared with that of wild-type C2 domain: R216A, R249A, and R252A had k off values that were higher by 6-, 16-, and 6-fold, respectively ( Fig. 2B and Table 1 ). Note that mutation of Arg-249 to Leu altered the dissociation rate constant by 8-fold (compared with 16-fold for mutation to Ala) (data not shown). The k off for the W245A and W247A mutants also increased by 4-fold and 9-fold, respectively, compared with the wild-type domain. The k off of L191A was similar to that of the wild-type domain ( Table 1 ). Mutation of the distal residues Lys-268 and Trp-274 to Ala caused the k off to decrease slightly (Table 1 ). These results reveal that both electrostatic and hydrophobic interactions created by specific residues in the Ca 2ϩ -binding loops are critical for retaining the C2 domain at the membrane, with Arg-249 playing a particularly strong role in retaining the C2 domain on anionic membranes. calc were noted for the K268A and W274A mutants. These results are consistent with previous studies establishing that residues within the Ca 2ϩ -binding loops critically determine the equilibrium binding of the C2 domain to anionic membranes. Here, by analysis of individual kinetic constants, we have determined the role of basic versus hydrophobic residues in membrane recruitment and retention. Importantly, we have identified two residues, Arg-249 and Trp-245, whose individual mutation to Ala results in a similar overall change in membrane affinity (21-fold) but by opposing mechanisms; the basic residue affects k off , and the hydrophobic residue primarily affects k on .
Effect of C2 Domain Mutations on Membrane Equilibrium
Effect of C2 Domain Mutations on Ionic Strength Sensitivity for Membrane Recruitment and Retention-We next addressed how mutating charged or hydrophobic residues in the C2 domain affected the ionic strength sensitivity of membrane recruitment. Increasing the ionic strength from 150 to 175 mM NaCl resulted in a modest (ϳ20%) increase in the k on of the wild-type C2 domain; this increase was reversed upon further increase to 200 mM NaCl (Fig. 3A) . This same trend was observed for the R216A mutant. The increase observed in k on as the ionic strength was increased from 150 to 175 mM probably reflects strengthening of hydrophobic interactions; however, an even higher ionic strength could screen electrostatic interactions such as those present between anionic phospholipid headgroups and the C2 domain, resulting in a lowering of k on . In contrast, increasing ionic strength markedly enhanced k on for the domains in which Trp-245 or Trp-247 were mutated to Ala. Most strikingly, altering the ionic strength from 150 to 200 mM NaCl resulted in an increase in k on for the W247A mutant to a level comparable with that for the wild-type domain (Fig.  3A) . Thus, increasing ionic strength rescues the reduction in k on resulting from removal of key hydrophobic residues. One explanation consistent with this result is that increasing ionic strength enhances the remaining hydrophobic interactions. Thus, removal of a key hydrophobic residue (e.g. Trp-247) reduces k on . However, strengthening of remaining hydrophobic interactions (e.g. those mediated by Trp-245) by increasing ionic strength increases on rate constants. Only minor effects of altering ionic strength were observed for the association rate constants of the L191A (Fig. 3A) , W274A, and K268A domains (not shown). These data underscore the key role of hydrophobic interactions in driving the association of the C2 domain with membranes.
We next examined how ionic strength controlled the membrane dissociation rate constants for the C2 domain mutants. The k off of the wild type C2 domain increased as ionic strength increased, with an almost 3-fold higher k off measured in the presence of 200 mM NaCl compared with 150 mM NaCl (Fig.  3B) .
Effect of Ionic Strength on Equilibrium Constants for C2 Domain Mutations-We next examined the effect of ionic strength increase on K d
calc values obtained from the k on and k off , as above. Normalizing the K d calc values to the values obtained at 150 mM NaCl revealed that the relative ionic strength sensitivity of R216A, R249A, R252A, and L191A followed the same trend as that of the wild-type C2 domain (Fig. 3C) . In contrast, the binding affinity of W245A and W247A to lipid vesicles was insensitive to changes in ionic strength under the conditions examined (Fig. 3C) . Examination of the individual contributions of the k on and k off to the K d calc revealed that the changes in recruitment and retention cancel each other out so that the apparent lipid vesicle binding affinity is insensitive to increases in ionic strength. Thus, without these hydrophobic residues, the equilibrium binding of the C2 domain to anionic membranes is insensitive to ionic strength changes, whereas wildtype C2 domain and the charged-to-neutral residue mutations are sensitive to increasing ionic strength.
Kinetic Constants for Double Mutations in C2 Domain-To examine whether the charged residues cooperate in promoting the binding of the C2 domain to anionic membranes, we introduced double mutations of basic residues in the C2 domain of PKC␣: R216A/R249A, R249A/R252A, and R216A/R252A. Although previous studies have examined the contribution of R249A/R252A, R216A, and R249A to equilibrium binding, the combined and individual contributions of these residues to k on and k off have not been reported (24 -26) . We measured the binding kinetics of these domains using both the FRET association and FRET dissociation experiments. The k on values for R216A/R252A and R249A/R252A were comparable with that of the wild-type C2 domain (Fig. 4A and Table 2 ). In contrast, k on for the R216A/R249A mutant decreased ϳ2-fold compared with wild-type C2 domain (Fig. 4A and Table 2 ). These data suggest that either Arg-216 or Arg-249 is sufficient for unimpaired association of the C2 domain to membranes, but loss of both charges impairs membrane association.
In contrast to modest effects on association rate constants, k off for the R216A/R249A, R216A/R252A, and R249A/R252A domains increased by 50-, 37-, and 38-fold relative to wild-type C2 domain (Fig. 4B and Table 2 ). These results confirm the critical role that these charged residues play in retaining the C2 domain at lipid vesicles. The overall increase in equilibrium dissociation constant for the double mutants R216A/R249A and R216A/R252A (148-and 41-fold higher than wild-type C2 domain) were as expected for the independent contribution of each residue. However, the R249A/R252A mutation resulted in only a 37-fold increase relative to the wild-type C2 domain rather than ϳ120-fold, as would be expected had the two residues contributed independently (Table 2) . Thus, Arg-249 and Arg-216 contribute independently to the binding of the C2 . Double charged-to-neutral residue mutations on the C2 domain affect its recruitment to and retention at lipid vesicles. The binding of purified C2 domains (wild-type, R216A/R249A, R216A/R252A, or R249A/R252A) to anionic phospholipid vesicles was measured by FRET association stopped-flow analysis, and the k on was determined as described in the legend to Fig. 2A . Data represent the weighted average Ϯ S.E. (error bars) of 3-7 independent experiments. B, the binding of purified C2 domains (wild type, R216A/R249A, R216A/R252A, or R249A/R252A) to anionic phospholipid vesicles was measured by FRET dissociation stopped-flow analysis, and the k off was determined as described in the legend to Fig. 2B . Data represent the weighted average Ϯ S.E. of 3-7 independent experiments. 
Effects of Ca 2ϩ Concentration on C2 Domain Kinetics and Equilibrium Constants
-Surprisingly, the charged-to-neutral mutations of R216A, R249A, and R252A showed only a modest change in their recruitment to the membrane. Yet, previous studies have shown that electrostatic interactions play a critical role in the membrane recruitment of C2 domains, including that of PKC␣ (4, 20, 31) . To examine the effect of Ca 2ϩ concentration on the membrane recruitment and retention of the C2 domain, we measured binding kinetics at subsaturating (low) and saturating (high) Ca 2ϩ concentrations (20 and 200 M, respectively) using the FRET association and FRET dissociation experiments. Increasing Ca 2ϩ concentrations from 20 to 200 M resulted in an ϳ2-fold increase in k on (Fig. 5A and Table 3 ). However, no difference in association kinetics was observed at 150 mM NaCl compared with 200 mM NaCl. No binding was detected in the presence of 2 M Ca 2ϩ (data not shown). Dissociation rate constants were also sensitive to Ca 2ϩ concentration; increasing the Ca 2ϩ concentration decreased the k off for the wild-type C2 domain ϳ5-fold (Fig. 5B and Table 3 ). Thus, the overall equilibrium dissociation constant increased 7-fold as the Ca 2ϩ concentration was decreased ( Fig. 5C and Table 3 ). Increasing ionic strength had the same relative effect on k off and K d calc (increasing both ϳ3-fold) at both low and high Ca 2ϩ concentrations. These results support a previous study showing that Ca 2ϩ binding both increases the association rate constant and decreases the dissociation rate constant (4) was measured by FRET association stopped-flow analysis, and k on was determined as described in the legend to Fig. 2A . Data represent the weighted average Ϯ S.E. of 3-7 independent experiments. B, the binding of purified wild-type C2 domain and anionic phospholipid vesicles in the presence of 20 or 200 M Ca 2ϩ was measured by FRET dissociation stopped-flow analysis, and k off was measured as described in the legend to Fig. 2B . The weighted averages are calculated from three or four independent experiments. C, data for k on obtained in A and k off obtained in B were used to calculate K d calc .
Arg-252), and others contributing to binding independently of membrane binding (e.g. Trp-247).
Mutations in the C2 Domain of PKC␣ Alter Membrane Translocation in Cells-
This study identified two mutations, which, by different mechanisms, reduce the membrane affinity of the C2 domain of PKC␣ by the same factor, 21-fold. Although it is well established that C2 domain mutations that impair the binding of the isolated domain to membranes also impair the binding of the full-length protein (38), we asked whether mutations that altered binding by different mechanisms (either reducing the membrane association rate constant or increasing the membrane dissociation rate constant) had similar or different effects on the translocation kinetics of fulllength PKC␣ in cells. Specifically, we measured the increase in FRET upon the translocation of YFP-tagged wild-type or mutant PKC␣ to plasma membrane-targeted CFP in COS7 cells following stimulation with thapsigargin to elevate intracellular Ca 2ϩ . This rise in Ca 2ϩ triggered the engagement of the C2 domain of PKC␣ to membranes; the subsequent addition of PDBu resulted in maximal translocation of PKC by engaging the C1 domain. Real-time imaging of FRET changes was used to assess the membrane interaction of PKC. Fig. 6A shows that mutation of either Trp-247 or Arg-249 to Ala markedly reduced the thapsigargin-induced translocation of PKC␣ to the plasma membrane. Furthermore, the maximal translocation induced by phorbol esters was also lower for these mutants compared with wild-type PKC␣. The latter observation was intriguing and suggested that these mutants may have an intrinsically higher affinity for a different membrane, notably Golgi, the preferred binding surface for PKC isozymes that do not use the C2 domain for membrane interactions (11) . Thus, we assessed how these mutations affected Golgi translocation by targeting CFP to the Golgi using the N-terminal 33 amino acids of endothelial nitric-oxide synthase and monitoring translocation of YFP-PKC␣ to this membrane (11) . Fig. 6B shows that thapsigargin resulted in similar translocation of the mutants and wild-type PKC␣ to Golgi; however, subsequent phorbol ester treatment caused considerably greater translocation of the C2 domain mutants to the Golgi compared with the modest translocation for wild-type PKC␣. These data not only indicate that the mutations that reduce either the k on or increase the k off of the C2 domains for PKC reduce membrane translocation but, importantly, reveal that impairment of the C2 domain removes the plasma membrane-binding properties of PKC and drives it to the Golgi instead (Fig. 7) . These data are consistent with several elegant studies showing that the affinity Upon agonist stimulation, the binding of Ca 2ϩ (gray circle) to the PIP 2 -sensing C2 domain (yellow) results in the association of conventional PKC with the PIP 2 -enriched plasma membrane; this C2-dependent membrane association is driven primarily by hydrophobic interactions, and retention is driven primarily by electrostatic interactions. Once at the membrane, the C1 domain (orange) finds its membrane-embedded ligand, diacylglycerol (DAG), resulting in a high affinity membrane interaction that releases the autoinhibitory pseudosubstrate segment (green rectangle) from the kinase domain (cyan circle) and thus activation (top right species of PKC). Impairing the membranebinding properties of the C2 domain results in loss of plasma membrane recognition and redirection of conventional PKC, via the now dominant C1 domain, to diacylglycerol/phorbol esters in the much more abundant membrane surface of Golgi (bottom right species of PKC); this binding pattern mimics that of novel PKC isozymes, which do not have a Ca 2ϩ -binding C2 domain. Note that the C1b domain of novel PKC isozymes binds diacylglycerol with 2-order of magnitude higher affinity than the C1b domain of conventional PKC isozymes, so pretargeting to membranes is not necessary for novel isozymes to respond to agonist-evoked increases in diacylglycerol. Although the impaired C2 domain mutants of PKC are redirected to Golgi, their affinity for diacylglycerol (but not phorbol esters) may be too low for significant activation following agonist stimulation.
of the C2 domain for PIP 2 at the plasma membrane recruits conventional PKC isozymes to the plasma membrane, sequestering it away from the diacylglycerol-rich Golgi (38, 44) . Here, we show that mutations that impair the C2 domain not only reduce membrane binding but also result in relocalization of the conventional PKC␣ to Golgi.
DISCUSSION
Ca 2ϩ -dependent binding of the C2 domain to membranes provides the first step in the agonist-evoked activation of conventional PKC isozymes. Here we used stopped-flow kinetics to dissect the role of hydrophobic versus electrostatic interactions in the recruitment and retention of the C2 domain of PKC␣ to anionic membranes. Analysis of on and off rate constants for the equilibrium binding of the C2 domain as a function of mutation of specific residues reveals that basic and hydrophobic residues have distinct roles in the membrane interaction of this domain; hydrophobic residues drive the initial recruitment to the membrane, whereas electrostatic interactions involving basic residues play a key role in retaining the C2 domain at the membrane. The tuning of membrane kinetics by loss of basic or hydrophobic residues also tunes the translocation of PKC in cells; imaging of PKC␣ translocation in real time reveals that perturbation of either of these mechanisms reduces the magnitude of Ca 2ϩ -triggered as well as PDBu-stimulated translocation in addition to driving PKC␣ to the Golgi instead of the plasma membrane.
Membrane Association Is Controlled by Hydrophobic Residues in the Ca
2ϩ Binding Loops-Mutation of two highly conserved Trp residues in the Ca 2ϩ -binding loops of the C2 domain revealed that they play a key role in driving the membrane association of the C2 domain. In contrast, mutation of highly conserved Arg residues in the Ca 2ϩ -binding loops has no significant effect on membrane association. Specifically, mutation of either Trp-245 or Trp-247 to Ala reduced k on 4-and 2-fold relative to the wild-type domain ( Fig. 2A and Table 1 ). Mutation of another conserved hydrophobic residue, Leu-191, located on Ca 2ϩ -binding loop 2 had no significant effect on either the on rate constant or off rate constant, suggesting that this residue does not have a significant role in C2 domain membrane binding ( Fig. 2A and Table 1 ). Trp-245 and Trp-247 are located on Ca 2ϩ -binding loop 3 and have been previously proposed to penetrate into the membrane (22, 24, 25) . Our data suggest that such membrane penetration plays a key role in allowing the Ca 2ϩ -bound C2 domain to interact with membranes.
We note that the magnitude of the membrane association constants measured is very high, perhaps exceeding the rate constant for protein diffusion in solution. This enhanced association rate constant probably results from the reduction in dimensionality of the C2 domain binding anionic lipids in a two-dimensional plane, as discussed (45) .
If hydrophobic interactions dominate in the association of the C2 domain with anionic membranes, then increasing ionic strength would be expected to strengthen such interactions. Consistent with this, raising ionic strength from 150 to 175 mM NaCl resulted in an ϳ20% increase in k on of the wild-type domain for binding to anionic membranes (Fig. 3A) . In fact, this modest increase in ionic strength resulted in an increased k on for all Ca 2ϩ -binding loop mutants except the L191A (Fig. 3A) ; the reduced k on of the L191A mutant suggests that this Leu contributes to the hydrophobic interactions that are strengthened at 175 mM NaCl. Note that at even higher ionic strength (200 mM NaCl), k on did not further increase (Fig. 3A) . Thus, disruption of electrostatic interactions began to compensate for the increased hydrophobic interactions as ionic strength was increased further. However, the k on for W245A was increased even further at this higher ionic strength. One possibility is that loss of the Trp at position 245 may unmask other hydrophobic residues (e.g. the key Trp at position 247) so that membrane penetration is significantly strengthened at this higher ionic strength, dominating over electrostatic interactions. In summary, these data support an important role of hydrophobic interactions in the association of the C2 domain with membranes.
Membrane Retention Is Primarily Controlled by Basic Residues in the Ca
2ϩ Binding Loops-In contrast to the conserved Trp in the Ca 2ϩ -binding loops, replacement of the conserved Arg with Ala revealed no significant role in driving the membrane association of the C2 domain ( Fig. 2A and Table 1 ). Rather, these residues play a key role in retaining the domain on membranes. Loss of Arg at position 249 resulted in a dramatic reduction in residency time, as assessed by the 16-fold increase in k off ; loss of Arg at position 216 or 252 resulted in a 6-fold increase in k off (Fig. 2B and Table 1 ). All three residues have previously been shown to decrease membrane binding affinity, translocation to the membrane, and enzymatic activity (26, 46) . Our current data reveal that this reduced affinity is caused primarily by reduced residency time of the domain on anionic membranes.
Membrane retention was also sensitive to loss of Trp-245 or Trp-247 ( Fig. 2B and Table 1 ). As discussed above, the membrane penetration of these residues has previously been proposed to control the C2 domain membrane association. However, of all of the residues examined, Arg-249 has the most profound effect on the membrane residency time of the C2 domain.
The finding that mutation of Arg-249 to an Ala has the greatest impact on the membrane residency time of the C2 domain suggests a particularly important role of this residue in stabilizing the domain-phospholipid complex. Arg-249 has previously been proposed to interact with phospholipid acyl chains via the guanidinium group, which has been suggested to interact with the sn-2 ester carbonyl of phospholipid acyl chains (22, 47) . Mutation of either Arg-216 or Arg-252 to an Ala also significantly decreased the retention of the C2 domain on the membrane. Similar to Arg-249, the guanidinium group of Arg-216 may also interact with the sn-2 ester carbonyl of the fatty acyl chain (22) . Electron paramagnetic resonance studies indicate that Arg-249 penetrates deeper into the bilayer than Arg-252 (22, 43) ; thus, Arg-249 may interact at or near the interface with the hydrocarbon core, whereas Arg-252 is probably located closer to the bilayer surface. Taken together, these data suggest that Arg-216, Arg-252, and, most importantly, Arg-249 play an important role in stabilizing the C2 domain-lipid complex.
Concurrent mutation of both Arg-216 and Arg-249 caused a 2-order of magnitude increase in the equilibrium dissociation constant of the domain, resulting primarily from a large (50-fold) decrease in residency time at the membrane ( Fig. 4B and Table 2 ). This double mutation also resulted in reduced membrane association, with a 2-fold decrease in k on (Fig. 4A and Table 2 ). These data underscore the key role of the guanidinium groups in membrane interactions. The overall binding affinity of the double mutants R216A/R252A and R249A/R252A was significantly decreased relative to the wild-type domain; however, the change was less than expected, suggesting that Arg-252 may be able to somehow compensate for the loss of the guanidinium group of Arg-216 and Arg-249.
We have previously reported that Ca 2ϩ binding controls both the association and dissociation rate constants of the C2 domain of PKC␤II for anionic membranes (4), accounting for the dramatic effect of this second messenger in increasing the equilibrium binding of the C2 domain to membranes (4, 24, 25, 31) . Consistent with our previous study, we show that Ca 2ϩ binding also increases both the recruitment and retention of the C2 domain of PKC␣ at the membrane. Also supporting previous studies (24) , analysis of the apparent affinity of the various C2 domain mutants for Ca 2ϩ reveals that Arg-249 and, to a lesser extent, Arg-252 play dominant roles in allowing Ca 2ϩ binding to the free C2 domain, interactions that become dispensable in the presence of lipid. In contrast, Trp-245 does not influence binding of Ca 2ϩ to the free domain but dramatically stabilizes the binding of Ca 2ϩ to the lipid-bound domain. These data support the requirement for Ca 2ϩ in tethering the C2 domain to membranes and delineate residues that promote binding of Ca 2ϩ to the soluble form versus those that stabilize binding to the membrane-bound form.
Mutations in C2 Domain Modulate PKC␣ Translocation in Cells-Using a FRET-based translocation assay, we show that introduction into full-length PKC␣ of mutations that impair the association or dissociation of the C2 domain with membranes significantly reduce the Ca 2ϩ -dependent translocation of PKC␣ to the plasma membrane. Specifically, mutation of either Arg-249 or Trp-247 to Ala results in a comparable decrease in thapsigargin-induced redistribution of PKC from the cytosol to the plasma membrane compared with wild-type enzyme. In the isolated C2 domain, replacement of either of these residues with Ala decreases the membrane affinity of the C2 domain by the same factor (21-fold), but by different mechanisms. In the context of the full-length protein, mutation of either residue results in a comparable reduction in plasma membrane translocation. These data reveal that altering the affinity of the C2 domain for membranes, either by modulating k on or k off , significantly impairs Ca 2ϩ -dependent translocation of PKC to plasma membrane. Surprisingly, the phorbol ester-dependent translocation to the plasma membrane was significantly reduced for PKC␣ mutants with impaired C2 domains, compared with the wildtype enzyme. One possibility is that by impairing the plasma membrane-sensing properties of PKC (conferred by PIP 2 recognition by the C2 domain), the PKC␣ mutants are relocalized to other membranes (e.g. Golgi) via now dominant C1 domain interactions. Consistent with this, phorbol ester-dependent translocation to Golgi was greatly enhanced in mutants of PKC␣ in which the C2 domain was impaired. Thus, the C2 domain not only regulates the degree of membrane translocation of PKC but also the membrane location. Our data support a model in which impairing the Ca 2ϩ -binding ability of the C2 domain (the plasma membrane-directing unit) of conventional PKCs allows the C1 domain (the diacylglycerol-sensing module) to become the dominant membrane-binding module and redirects PKC to the most diacylglycerol-enriched membrane, which is the Golgi (Fig. 7) . These data validate the biophysical work of the Falke and Gómez-Fernández groups proposing that the C2 domain drives conventional PKCs to the PIP 2 -enriched plasma membrane (38, 44) .
CONCLUSION
The Ca 2ϩ -controlled targeting of the C2 domain to the plasma membrane plays a key role in allowing conventional PKC isozymes to find their membrane-embedded allosteric activator, diacylglycerol. Mutation of residues in the membrane-interfacing Ca 2ϩ -binding loops to impair either association or dissociation kinetics alters the magnitude and localization of Ca 2ϩ -induced translocation of PKC in cells. The recent identification of mutations in the C2 domain of conventional PKC isozymes in human cancers suggests that resulting alterations in PKC signaling could contribute to cancer (48, 49) . Of note, an Arg to His mutation in PKC␥ at the residue corresponding to Arg-252 in PKC␣ has been identified in pancreatic cancer (37) . Whether this mutation conferred a survival advantage to these tumor cells remains to be established.
